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Recent discoveries in topological physics [1, 2] hold
a promise for disorder-robust quantum systems and
technologies. Topological states provide the crucial
ingredient of such systems featuring increased robust-
ness to disorder and imperfections. Here, we use an
array of superconducting qubits to engineer a one-
dimensional topologically nontrivial quantum metama-
terial [3]. By performing microwave spectroscopy of
the fabricated array, we experimentally observe the
spectrum of elementary excitations. We find not only
the single-photon topological states but also the bands
of exotic bound photon pairs [4, 5] arising due to the
inherent anharmonicity of qubits. Furthermore, we
detect the signatures of the two-photon bound edge-
localized state which hints towards interaction-induced
localization in our system. Our work demonstrates an
experimental implementation of the topological model
with attractive photon-photon interaction in a quan-
tum metamaterial.
Superconducting qubits are a viable platform for scalable
quantum computers. Realization of quantum computation pro-
tocols and eventually quantum supremacy [6] relies largely on
the coherent operation of ensembles of coupled qubits. A pro-
found challenge in this direction is imposed by unavoidable
parameter spread between the fabricated qubits of the ensem-
ble. The need to control individual qubit parameters to reduce
this spread makes scaling quantum computers up difficult.
Even less practical appears the need of using individual qubit
control tools for superconducting quantum metamaterials [7] –
large arrays of interacting qubits, which can be viewed as an
artificially created quantum matter. A promising way to tackle
unavoidable irregularities in quantum metamaterials is pro-
vided by the concept of topological states whose existence is
guaranteed by the global symmetries of the structure being in-
sensitive to local imperfections [1, 2]. In particular, recent stud-
ies suggest that a pair of photons propagating via a topological
mode preserves quantum correlations significantly longer than
a photon pair propagating in the bulk [8, 9, 10].
Photon-photon interactions arising due to the nonlinearity
of the medium provide an exciting additional degree of free-
dom giving rise to a plethora of topological phenomena includ-
ing interaction-induced topological states. One of the simplest
interacting models is the paradigmatic Bose-Hubbard model
which arises in various contexts including cold atom ensem-
bles in optical lattices [11], magnetic insulators [12] as well
as arrays of transmon qubits. The inherent anharmonicity of
transmon qubit potential enables strong photon-photon inter-
actions [13]. Combining this feature with fine-tuning of qubit
eigenfrequency or temporal modulation of qubit couplings, one
can switch the system into the quantum Hall phase [14, 15].
Note that the elementary bosonic excitations in qubit array
are, strictly speaking, plasmon-polaritons as they are superpo-
sitions of plasma oscillations in Josephson junctions and dis-
tributed electric fields in their environment [16] and we term
them “photons” only for the sake of simplicity.
An interesting feature of the Bose-Hubbard model is the
emergence of bound boson pairs (doublons) mediated by the in-
teractions [4, 5]. Such quasiparticles can localize at the edge of
the system forming a two-photon bound edge state which arises
even in the absence of single-photon localized states [17, 18].
The topological physics of doublons has been extensively ex-
plored in a series of recent theoretical works [19, 20, 21, 22]
and also emulated with a classical system of higher dimension-
ality [18]. However, the experimental investigation of topolog-
ical properties of bound photon pairs is still lacking.
To fill this gap and to highlight the important aspects
of topological protection in interacting quantum models, we
design and investigate experimentally a dimerized array of
qubits with alternating nearest-neighbor coupling strengths
[Fig. 1(a-c)]. This quantum metamaterial, depicted schemati-
cally in Fig. 1(d) provides a realization of the well-celebrated
topologically nontrivial Su-Schrieffer-Heeger model (SSH) [23]
which has been implemented in a variety of systems rang-
ing from simple mechanical [24] or microwave [25] structures
to photonic [26], polaritonic [27] and cold atom [28] realiza-
tions. Importantly, in contrast to the previous studies of one-
dimensional topological qubit arrays [29], we probe here not
only the single-photon excitations but also the two-photon
ones, examining such exotic phenomena as repulsively bound
photon pairs and their interaction-induced localization.
The circuit that we studied consists of N = 11 nearest-
neighbor coupled superconducting transmon qubits described
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Figure 1: Implementation of the Su-Schrieffer-Heeger model with the array of transmon qubits. a, False color image of
the array of transmon qubits. b, Enlarged fragment showing the geometry of the individual transmon qubit. c, False-color SEM image of
transmon junctions. d, The sketch of the designed structure showing the effective coupling amplitudes and the location of single-photon
topological state and two-photon bound edge-localized state.
by the Bose-Hubbard Hamiltonian
HˆBH/h =
N∑
q=1
[
fq nˆq +
δq
2
nˆq (nˆq − 1)
]
+
(N−1)/2∑
q=1
[
J1 aˆ2q aˆ
†
2q−1 + J2 aˆ2q aˆ
†
2q+1
]
+ H.c. , (1)
where nˆq = aˆ
†
qaˆq is photon number operator, fq is the eigenfre-
quency of qth transmon which can be flexibly tuned in the range
from 3.73 to 3.82 GHz, δq = −155 MHz is qubit anharmonicity
responsible for the effective photon-photon interaction, and the
amplitudes J1 = 55.1 MHz and J2 = 17.1 MHz describe the
nearest-neighbor coupling of qubits. All qubits are tuned to
the same frequency equal to f0 = 3.8 GHz and f
′
0 = 3.75 GHz
in the single-photon and two-photon experiments, respectively.
To probe the modes of qubit array, we apply a monochromatic
driving with frequency fd and amplitude Ω. In our experi-
ments, the driving is applied to one of the edges of qubit array,
either to s = 1 or to s = 11, while the number of photons can
be measured in any qubit.
In the absence of driving and dissipation, the Bose-Hubbard
model conserves the number of photons. Therefore, depend-
ing on the driving amplitude, one can address either single-
photon sector of the Hilbert space, or the two-photon eigen-
states, which we exploit to investigate few-boson physics in
the interacting Bose-Hubbard model.
For the single-photon excitations, the interaction term ∝ δq
in the Hamiltonian Eq. (1) is not manifested, and the physics
of this system is captured by the Su-Schrieffer-Heeger model.
Therefore, we expect two bands of single-photon states with
the dispersion given by
f = f0 ±
√
J21 + J
2
2 + 2 J1 J2 cos k , (2)
as illustrated in Fig. 2(a). Here, the Bloch wave number k
ranges from −pi to pi taking quantized values in a finite sys-
tem. As a result, exciting the system at the first qubit and
measuring the expectation value of the photon number opera-
tor 〈nˆ1〉, we expect a series of distinct peaks corresponding to
the bulk modes of the array [Fig. 2(b)] emergent in the exper-
imental data [Fig. 2(c)].
Single-photon excitations described by Eq. (2) are spread
over the entire array. However, besides such delocalized exci-
tations the system also supports an edge-localized topological
state with the frequency precisely in the middle of bandgap,
fedge = f0. The wave function of this state exhibits an ex-
ponential localization at the edge of the array with the weak
tunneling link, i.e. at 11th qubit. Therefore, exciting the ar-
ray at the last qubit, we couple predominantly to the edge
state manifested as a sharp peak in the middle of the bulk
bandgap [Fig. 2(b), orange color]. A similar peak is observed
in experimental data [Fig. 2(c)] providing direct evidence of
the single-photon topological state in the SSH-type array of
coupled qubits.
Besides providing the spectroscopic evidence of a single-
photon topological state, we also examine the probability dis-
tribution for the observed mode. To this end, we excite the ar-
ray at the 11th qubit and measure the expectation value of pho-
ton number operator in qubits No. 11, 10 and 9 versus driving
frequency, as shown in Fig. 2(d). All three curves have a sim-
ilar shape featuring a pronounced peak at the same frequency
corresponding to the resonant excitation of the single-photon
edge state. The amplitudes of these peaks are related to the
eigenmode profile, which enables us to extract the probability
distribution for the edge mode directly from the experimen-
tal data. The extracted results are compared with predictions
of the tight-binding model in the histogram Fig. 2(e). As ex-
pected, the probability amplitude decays away from the edge
of the array, which clearly confirms the edge-localized nature
of the observed single-photon state.
The two-photon modes of the designed system feature more
complex behavior than their single-photon counterparts and
belong to four major types [19, 30]. The majority of the two-
photon eigenstates is presented by the scattering states with
the energy given by the sum of single-photon energies in the
continuum limit. The second group is the single-photon edge
states, where one photon is localized at the weak link edge
of the array, whereas the second photon propagates along the
array. These two types of modes strongly resemble those in the
2
Figure 2: Spectroscopy of single-photon excitations in qubit array. a, Dispersion of single-photon excitations in the array of
qubits tuned to the same frequency f0 = 3.8 GHz. Shaded areas illustrate the boundaries of the bulk bands. Horizontal line at the frequency
3.8 GHz depicts the spectral position of the single-photon topological state. b, Calculated spectra showing the average number of photons
in the array versus driving frequency for excitation of the first (magenta color) or last (orange color) qubits of the array. Calculation
details are provided in Sec. II of Supplementary Materials. c, Experimental spectra showing the dependence of normalized average photon
number in the array versus driving frequency. Magenta and orange colors correspond to the excitation of the first and the last qubits in
the array, respectively. d, Average photon number measured in qubits No. 9, 10 and 11 versus driving frequency upon excitation of qubit
No. 11. e, Single-photon probability distribution for the edge state extracted from the amplitudes of the peaks measured for qubits No. 9,
10 and 11 and depicted in panel d.
single-particle SSH model.
However, the effects of interaction give rise to two novel types
of modes associated with bound photon pairs (doublons) as
well as their edge states. The bulk spectrum of the system
features four doublon bands [19, 30]. Two doublon bands have
the frequency which scales linearly with δ being detuned from
the scattering continuum approximately by δ = −155 MHz.
The dispersion of these two doublon bands calculated by the
modified Bethe ansatz method [19] is presented in Fig. 3(a).
While bulk doublon dispersion strongly resembles that of the
SSH model, the doublon edge state obtained in our calcula-
tions [Fig. 3(a)] exhibits quite unexpected features. Contrary
to the single-photon scenario, it is localized at the strong link
edge of the array providing an example of interaction-induced
localization.
Due to the good spectral isolation of the discussed doublon
bands, the respective two-photon states can be probed spectro-
scopically. For that purpose, we apply the driving signal to the
first qubit of the array measuring the spectrum of photon num-
ber amplitudes 〈nˆ1〉 [Fig. 3(b)]. While at low input powers we
do not observe any pronounced features in the spectrum, the
situation changes dramatically when input power is increased
up to the level allowing two-photon transitions in qubits. In
agreement with the calculated positions of bulk doublon bands,
two separate groups of peaks emerge.
To provide a clearer interpretation of the observed peaks, we
perform the numerical diagonalization of the Hamiltonian for
a larger system composed of 31 qubit [Fig. 3(c)]. The upper
group of peaks is related to “antisymmetric” doublon states
when the phase of the doublon wave function for the adjacent
positions of bound photon pair differs by pi, whereas the lower
group is associated with “symmetric” doublon states, when the
respective phase difference is equal to 0.
The doublon edge state emerges at the upper boundary of
the lower band and features relatively weak interaction-induced
localization with the localization length exceeding 10 sites.
Surprisingly, even though this localization fully shows up only
in the long arrays with N & 20 qubits, the corresponding state
is predominantly localized at the edge already for odd num-
bers of qubits N & 5 [see Supplementary Materials, Sec. V].
The reason for the persistence of localization for short arrays
with odd N is that the doublons localize only at the strong-
link edge, and thus the hybridization of the states from the
opposite edges does not mask the localization.
Comparing our theoretical predictions with the experimental
results for the array of 7 resonant qubits [Fig. 3(d)], we identify
the states #1-2 associated with the lower doublon band and
states #4-7 related to the upper doublon band. Finally, the
state #3 heralds the emergence of doublon edge states. The
obtained results are thus pointing towards interaction-induced
localization in our system.
To conclude, our experiments demonstrate the power of
3
arb. un.
Figure 3: Spectroscopy of two-photon excitations in qubit array. a, Calculated dispersion of bound photon pairs. Higher-
frequency two-photon scattering states are not shown. Red horizontal line shows the spectral position of the doublon edge state localized
at the opposite edge of the array compared to the single-photon state. b, Experimental spectrum of normalized average photon number
in the array when the first qubit is pumped. Shaded areas show the boundaries of bulk doublon bands. In this experiment, the array
consists of 7 qubits tuned to resonance at 3.75 GHz. c, Calculated two-photon probability distribution in the array of 31 qubit for the
three representative cases: upper bulk doublon band (top), doublon edge state (middle), lower bulk doublon band (bottom). d, Calculated
two-photon probability distributions for the array of 7 qubits. Numbers near each of panels correspond to the characteristic peaks marked
in panel b. Panel 3 shows the signatures of interaction-induced edge localization.
qubit arrays for exploring few-photon topological physics. As
we prove, the two-photon spectrum is dramatically enriched
compared to the non-interacting scenario. Interactions give
rise to exotic bound photon pairs whose energies and wave func-
tions can be probed spectroscopically. Furthermore, our sys-
tem exhibits the signatures of interaction-induced two-photon
localization. This highlights a promise of interacting models for
quantum topological photonics paving a way towards disorder-
robustness of quantum metamaterials.
Methods
Tight binding simulations. To find the eigenstates of the Bose-
Hubbard Hamiltonian Eq. (1), we use the fact that the Hamiltonian
HˆBH commutes with the operator nˆ =
∑
q nˆq . This means that the
total number of photons in this model is conserved, and the two-photon
wave function can be presented in the form
|ψ〉 = 1√
2
∑
m,n
βmn aˆ
†
m aˆ
†
n |0〉 , (3)
where βmn = βnm are the unknown superposition coefficients. The two-
photon eigenstates are found from the Schro¨dinger equation HˆBH |ψ〉 =
ε |ψ〉. Combining Eqs. (1) and (3), we obtain the linear system of equa-
tions for the unknown superposition coefficients:
(ε− 2U) βnn = −2Jn−1 βn−1,n − 2Jn βn,n+1 , (4)
ε βmn = −Jm−1 βm−1,n − Jn−1 βm,n−1
−Jm βm+1,n − Jn βm,n+1 , (5)
where m < n, β0n = 0, Jn = J1 for odd n and Jn = J2 for even n.
Solving this system numerically, we find the two-photon eigenstates sup-
ported by the finite array. The frequencies shown in Figs. 2, 3 correspond
to ε/(2h).
Sample fabrication.
The sample is made in a three-stage process: (I) base Al layer
patterning, (II) Josephson junction double-angle evaporation and lift-
off, (III) low impedance crossover fabrication to suppress stray mi-
crowave chip modes. We use a high-resistivity intrinsic silicon substrate
(ρ > 10000Ω· cm, 500 µm thick) prepared by Piranha-based wet clean-
ing and HF dip to remove surface oxide damage. The qubit capacitors,
ground plane, readout resonators, and control wiring are made using
e-beam evaporated 100-nm-thick epitaxial Al [31] and subsequent pat-
terning by means of direct laser lithography and BCl3/Cl2 inductively
coupled plasma etch. The native Al oxide is removed with in-situ Ar-ion
milling, followed by Al-AlOx-Al Josephson junction e-beam shadow evap-
oration (11, 25/45 nm) and lift-off in N-methyl-2-pyrrolidone at 80°C. Fi-
nally, low impedance free-standing crossovers are fabricated in a process
similar to the fabrication steps outlined in Ref. [32], with an impor-
tant improvement: we have used Al dry etching (Cl2-based) to pattern
crossovers instead of wet process and redesign crossover topology to elim-
inate the Al base layer damage and provide mA-range crossover critical
current.
Measurement scheme. We perform continuous wave two-tone spec-
troscopy by measuring the shift of the scattering amplitude at the fre-
quency of the unperturbed readout resonator ∆S21(fr), while applying
a monochromatic drive tone with amplitude Ω and frequency fd. The
drive tone is applied to one of the edges of the array. The readout cir-
cuitry of the sample is designed such that the scattering amplitude shift
is proportional to the energy stored in the corresponding transmon.
The first condition for this regime of operation is that all dispersive
shifts χ are at least order of magnitude less than the resonator linewidths,
yielding the first-order expansion
〈∆S21(fr)〉 =
∂Snotch21 (f, fr, Ql, Qc)
∂fr
χq〈n〉, (6)
where Snotch21 (f, fr, Ql, Qc) is the theoretical frequency dependence of
the S21 parameter for resonator frequency fr, its loaded and external
quality factors Ql and Qc, respectively [33], and 〈n〉 is the mean number
of photons in transmon.
4
The second condition requires that the anharmonicity of the trans-
mons is order of magnitude less than the qubit-transmon detuning
|δq|  |fr − fq| .
To the first order in δ and second order in the qubit-resonator coupling
constant g, the dispersive shift is given by
χq = −
2g2δq
(fr − fq)2
. (7)
For the single-photon state measurements, we convert the scattering
amplitude shift into mean photon number, computing the coefficient from
Eqs. (6), (7).
The bare frequencies of the qubits are set to their target values using
individual DC flux control lines, each coupled to one of the qubits. Mu-
tual inductances between the flux lines and SQUIDs of the correspond-
ing qubit, as well as its nearest neighbors, frozen-in flux values, precise
values of Josephson junction critical currents, and qubit-resonator cou-
pling have been extracted from fitting a series of two-tone calibration
measurements to a linear oscillator model (see Supplementary Materials,
Sec. IV). The values of J1, J2 and δ are determined from electrostatic
simulation.
Data availability
The data that support the findings of this study are available
from the corresponding author upon request.
Acknowledgments
Development of theoretical models was supported by the Rus-
sian Foundation for Basic Research (grant No. 18-29-20037).
The Russian Science Foundation supported the experiments
(contract No. 16-12-00095) and numerical simulations (grant
No. 16-19-10538). A.N.P. and M.A.G. acknowledge partial sup-
port by the Foundation for the Advancement of Theoretical
Physics and Mathematics “Basis”. A.V.U. acknowledges par-
tial support by the Deutsche Forschungsgemeinschaft (DFG)
by the Grant No. US 18/15-1. Sample studied in this work
was made at the BMSTU Nanofabrication Facility (FMN Lab-
oratory, FMNS REC, ID 74300). MISIS team also acknowl-
edges support from the Ministry of Education and Science of
the Russian Federation in the framework of the Increase Com-
petitiveness Program of the National University of Science and
Technology MISIS (contract No. K2-2020-017).
Author contributions
M.A.G. and A.N.P. elaborated the theoretical models. I.S.B.,
A.N.P. and M.A.G. performed numerical simulations. A.A.D.,
D.O.M., A.R.M., N.S.S. and I.A.R. fabricated the sample. I.T.
and I.S.B. designed and simulated the chip. N.A. built the
multi-channel frequency control hardware. I.S.B., I.T., and
I.N.M. performed the measurements. A.V.U. supervised the
project.
Competing interests
The authors declare that they have no competing interests.
Additional information
Correspondence and requests for materials should be addressed
to M.A.G. (email: m.gorlach@metalab.ifmo.ru).
References
[1] Lu, L., Joannopoulos, J. D. & Soljacˇic´, M. Topological photonics.
Nat. Photon. 8, 821–829 (2014).
[2] Ozawa, T. et al. Topological Photonics. Rev. Mod. Phys. 91,
015006 (2019).
[3] Macha, P. et al. Implementation of a quantum metamaterial using
superconducting qubits. Nat. Commun. 5, 5146 (2014).
[4] Mattis, D. C. The few-body problem on a lattice. Rev. Mod. Phys.
58, 361 (1986).
[5] Winkler, K. et al. Repulsively bound atom pairs in an optical lat-
tice. Nature 441, 853–856 (2006).
[6] Arute, F. et al. Quantum supremacy using a programmable super-
conducting processor. Nature 574, 505–510 (2019).
[7] Jung, P., Ustinov, A. V. & Anlage, S. M. Progress in superconduct-
ing metamaterials. Supercond. Sci. Tech. 27, 073001 (2014).
[8] Blanco-Redondo, A., Bell, B., Oren, D., Eggleton, B. J. & Segev,
M. Topological protection of biphoton states. Science 362, 568–571
(2018).
[9] Wang, Y. et al. Topological protection of two-photon quantum
correlation on a photonic chip. Optica 6, 955 (2019).
[10] Wang, M. et al. Topologically protected entangled photonic states.
Nanophotonics 8, 1327–1335 (2019).
[11] Jaksch, D. & Zoller, P. The cold atom Hubbard toolbox. Ann.
Phys. 315, 52–79 (2005).
[12] Giamarchi, T., Ru¨egg, C. & Tchernyshyov, O. Bose-Einstein con-
densation in magnetic insulators. Nat. Phys. 4, 198–204 (2008).
[13] Carusotto, I. et al. Photonic materials in circuit quantum electro-
dynamics. Nat. Phys. 16, 268–279 (2020).
[14] Roushan, P. et al. Chiral ground-state currents of interacting pho-
tons in a synthetic magnetic field. Nat. Phys. 13, 146 (2017).
[15] Roushan, P. et al. Spectroscopic signatures of localization with
interacting photons in superconducting qubits. Science 358, 1175–
1179 (2017).
[16] Leib, M. & Hartmann, M. Bose-Hubbard dynamics of polaritons in
a chain of circuit quantum electrodynamics cavities. New J. Phys.
12, 093031 (2010).
[17] Gorlach, M. A. & Poddubny, A. N. Interaction-induced two-photon
edge states in an extended Hubbard model realized in a cavity array.
Phys. Rev. A 95, 033831 (2017).
[18] Olekhno, N. A. et al. Topological edge states of interacting photon
pairs emulated in a topolectrical circuit. Nat. Commun. 11 (2020).
[19] Gorlach, M. A. & Poddubny, A. N. Topological edge states of bound
photon pairs. Phys. Rev. A 95, 053866 (2017).
[20] Salerno, G., Di Liberto, M., Menotti, C. & Carusotto, I. Topological
two-body bound states in the interacting Haldane model. Phys.
Rev. A 97, 013637 (2018).
[21] Salerno, G., Palumbo, G., Goldman, N. & Liberto, M. D.
Interaction-induced lattices for bound states: Designing flat bands,
quantized pumps, and higher-order topological insulators for dou-
blons. Phys. Rev. Research 2 (2020).
[22] Stepanenko, A. A. & Gorlach, M. A. Interaction-induced topological
states of photon pairs. arXiv: 2003.09277 (2020).
[23] Heeger, A. J., Kivelson, S., Schrieffer, J. R. & Su, W. P. Solitons
in conducting polymers. Rev. Mod. Phys. 60, 781–850 (1988).
[24] Kane, C. L. & Lubensky, T. C. Topological boundary modes in
isostatic lattices. Nat. Phys. 10, 39–45 (2014).
[25] Slobozhanyuk, A. P., Poddubny, A. N., Miroshnichenko, A. E.,
Belov, P. A. & Kivshar, Y. S. Subwavelength topological edge states
in optically resonant dielectric structures. Phys. Rev. Lett. 114,
123901 (2015).
[26] Malkova, N., Hromada, I., Wang, X., Bryant, G. & Chen, Z. Ob-
servation of optical Shockley-like surface states in photonic super-
lattices. Opt. Lett. 34, 1633–1635 (2009).
[27] St-Jean, P. et al. Lasing in topological edge states of a one-
dimensional lattice. Nat. Photonics 11, 651–656 (2017).
[28] de Le´se´leuc, S. et al. Observation of a symmetry-protected topolog-
ical phase of interacting bosons with Rydberg atoms. Science 365,
775–780 (2019).
[29] Cai, W. et al. Observation of Topological Magnon Insulator States
in a Superconducting Circuit. Phys. Rev. Lett. 123, 080501 (2019).
[30] Di Liberto, M., Recati, A., Carusotto, I. & Menotti, C. Two-body
physics in the Su-Schrieffer-Heeger model. Phys. Rev. A 94, 062704
(2016).
[31] Rodionov, I. A. et al. Quantum Engineering of Atomically Smooth
Single-Crystalline Silver Films. Sci. Rep. 9, 12232 (2019).
[32] Chen, Z. et al. Fabrication and characterization of aluminum air-
bridges for superconducting microwave circuits. Appl. Phys. Lett.
104, 052602 (2014).
[33] Probst, S., Song, F. B., Bushev, P. A., Ustinov, A. V. & Weides, M.
Efficient and robust analysis of complex scattering data under noise
in microwave resonators. Rev. Sci. Instrum. 86, 024706 (2015).
5
Supporting Information: Topological photon pairs
in a superconducting quantum metamaterial
Ilya S. Besedin1,2, Maxim A. Gorlach3, Nikolay N. Abramov1,2, Ivan Tsitsilin1,2,4, Ilya Moskalenko1,2,
Alina A. Dobronosova5,6, Dmitry O. Moskalev5,6, Alexey R. Matanin5,6, Nikita S. Smirnov5,6,
Ilya A. Rodionov5,6, Alexander N. Poddubny3,7,8 and Alexey V. Ustinov1,2,9
1National University of Science and Technology MISIS, Moscow 119049, Russia
2Russian Quantum Center, Skolkovo, Moscow 143025, Russia
3Department of Physics and Engineering, ITMO University, Saint Petersburg 197101, Russia
4Moscow Institute of Physics and Technology, Dolgoprudny 141700, Russia
5FMN Laboratory, Bauman Moscow State Technical University, Moscow 105005, Russia
6Dukhov Automatics Research Institute (VNIIA), Moscow 127055, Russia
7Ioffe Institute, Saint Petersburg 194021, Russia
8Nonlinear Physics Centre, Australian National University, Canberra ACT 2601, Australia
9Physikalisches Institut, Karlsruhe Institute of Technology, Karlsruhe 76131, Germany
1
ar
X
iv
:2
00
6.
12
79
4v
1 
 [c
on
d-
ma
t.m
es
-h
all
]  
23
 Ju
n 2
02
0
Contents
I Formation of the doublon bands 3
II Simulation of average transmon occupancy 5
III Electric circuit model 6
IV Frequency control calibration 9
V Evolution of the doublon edge state with the array length 13
2
I Formation of the doublon bands
3.675 3.700 3.725 3.750 3.775 3.800 3.825 3.850 3.875
Frequency [GHz]
0
2
4
6
8
10
n
3.675 3.700 3.725 3.750 3.775 3.800 3.825 3.850 3.875
Frequency [GHz]
n
Figure 1: Two-tone spectroscopy of bulk and edge states in the array of transmon qubits for the different
effective lengths of the array. Light curves correspond to strong drive (0 dB) and dark curves corrspond to weak
drive (-20 dB). The pictogram above each curve shows the scheme of experimental setup, where red and grey circles
depict qubits tuned into resonance and out of resonance, respectively. Vertical position of the circle shows whether
the frequency of a given transmon is above or below the resonance frequency. Horizontal teal blue arrows indicate the
transmon which is excited, and the vertical green arrows point at transmon which is measured. Black and grey vertical
lines below each graph depict the calculated frequencies of single-photon and two-photon states.
Results of two-tone spectroscopy of the designed transmon array measured for the different
effective lengths are presented in Fig. 1. We perform two types of experiments: (a) excite the first
qubit of the array at the strong link edge and measure the average photon number in it; (b) excite
the last qubit of the array at the weak link edge and measure the average photon number in it.
3
In the first case, we observe a complicated interplay of single-photon and two-photon modes.
In the experiment, these two types of modes can be distinguished by their dependence on the driv-
ing power: while single-photon states are manifested already for relatively weak driving, the spec-
troscopy of the two-photon modes requires essentially higher driving power. Increasing the length
of the array up to 11 qubits, we observe that the distinct peaks merge into groups highlighting the
formation of the bulk bands. Three broad peaks shown in this panel correspond to the so-called
scattering states1 with the energy given by the sum of the single-photon energies in the contin-
uum limit. The peaks corresponding to the bulk doublon bands are red-shifted with respect to the
scattering states and discussed in more detail in the manuscript main text.
In contrast, in the second case corresponding to the excitation of the last qubit in the array, we
observe a single dominant peak at frequencies around 3.8 GHz which is the resonance frequency
of the individual qubits of the array. This single peak is associated with the single-photon edge
state localized at the weak link edge and having good spatial overlap with the pump.
Note that in our experiments each spectrum is recorded 10 times to mitigate the effect of
slow frequency drifts of the resonance frequency of the readout resonators. The mean standard
deviation of the average photon population 〈n〉 in all measurements is 0.023.
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II Simulation of average transmon occupancy
An array of driven transmons with tunable frequency where each transmon is coupled to its nearest
neighbors via alternating mutual capacitances is described by the Hamiltonian
Hˆ/h =
N∑
q=1
[
fq nˆq +
δq
2
nˆq (nˆq − 1)
]
+
(N−1)/2∑
q=1
{√
f2q (aˆ2q + aˆ
†
2q)
[
t1
√
f2q−1 (aˆ2q−1 + aˆ
†
2q−1) +t2
√
f2q+1 (aˆ2q+1 + aˆ
†
2q+1)
]}
+
Ω
2pi
cos(2pifdt)(aˆs + aˆ
†
s) ,
(S1)
where s is the number of the driven transmon, s = 1 or s = 11. All transmon qubits are tuned to the
same resonance frequency fq = f0 which results in alternating coupling constants J1,2 = f0 t1,2.
To obtain the steady-state solution, we first transform the driven Hamiltonian Eq. (S1) by applying
the unitary transformation
Uˆ = e
2piifdt
∑
q
nˆq
(S2)
and calculating the transformed Hamiltonian as
Hˆ′ = UˆHˆ Uˆ−1 − i~ Uˆ ∂Uˆ
−1
∂t
. (S3)
After counter-rotating terms are dropped, this results in the time-independent Hamiltonian
HˆRWA/h =
N∑
q=1
[
(fq − fd)nˆq + δ
2
nˆq(nˆq − 1)
]
+
(N−1)/2∑
q=1
[
J1(aˆ
†
2q aˆ2q−1 + aˆ
†
2q−1aˆ2q) + J2 (aˆ
†
2qaˆ2q+1 + aˆ
†
2q+1aˆ2q)
]
+
Ω
4pi
(aˆs + aˆ
†
s) .
(S4)
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Decoherence and, specifically, decay, is a crucial ingredient for obtaining a realistic descrip-
tion of quantum spectra. We account for the decay by using a Lindblad-type master equation with
the decay rate γ = 1 µs−1 for each transmon. The evolution of the density matrix of the system is
given by
∂ρˆ
∂t
= − i
~
[
HˆRWA, ρˆ
]
+
N∑
q=1
γ
2
(
2 aˆqρˆaˆ
†
q − aˆ†qaˆqρˆ− ρˆaˆ†qaˆq
)
(S5)
The drive amplitude used for these low-power simulations is Ω/2pi = 1 MHz. The spectrum
presented in Fig. 2b of the manuscript main text is simulated as the average occupancy of the first
or the last transmon of the array for the steady state solution ρˆss of equation (S5):
〈n〉 = Tr [ρˆssnˆs]. (S6)
Equation (S5) is a linear system of the first-order differential equations for the elements of the
density matrix ρˆ. The coefficient matrix of the system is the Liouvillian superoperator; the steady-
state solutions are given by its nullspace.
For numerical computation of the steady-state density matrix, we truncate the Hilbert space
of the 11-transmon system to the 78 eigenstates of the undriven Hamiltonian with the lowest energy
containing zero, one or two photons. Accordingly, we neglect the contribution of the states with
three or more excitations.
III Electric circuit model
The design values for the qubit frequency, qubit-qubit coupling, qubit-resonator coupling and
resonator-feedline coupling have been calculated using the circuit model shown in Fig. 2. All
couplings are purely of electrostatic nature, except for the resonator-feedline coupling which also
6
has an inductive contribution. The lengths of the transmission line segments are lo = 805µm,
lc = 142µm. The lengths of the shorted ends of the resonators ls are provided in Table III . The
readout resonators’ sections are realized as coplanar waveguides (CPWs) with conductor and gap
widths of 10 µm and 6 µm, respectively. The feedline conductor width is 17 µm and the gap is
8 µm; in the coupler section, the distance between the feedline and resonator conductors is 8 µm.
We take ε = 11.75 as the dielectric constant of silicon and neglect the finite superconductor thick-
ness (100 nm) for all calculations.
κ
Zf , lc
Z2, lc
Z r
, l
o
Zo Zo
r
Z r
, l
s
Cc
CtJJ1 JJ2
q CqrCqq1 Cqq2
Figure 2: Electric circuit model for the individual transmon and its readout resonator. The transmon, the
respective resonator and the readout feedline are shown in black. Neighboring transmons are shown in gray.
We have extracted the mutual capacitances between the circuit elements using Ansys Maxwell
software. Neglecting smaller capacitances of next-to-nearest couplings and other parasitic capaci-
tances, we obtain the following values for the circuit model (the designations are shown in Fig. 2):
Cc = 61.2 fF, Cqr = 5.2 fF, Ct = 119.1 fF, Cqq1 = 3.8 fF, and Cqq2 = 1.3 fF. The effective
phase velocity for a thin film on a silicon-vacuum interface is cl = 1√
ε0µ0(ε+1)/2
, i.e. 2.52 times
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q ls, µm fr, GHz Qr g/
√
fq,
√
Hz fr, GHz, experiment Qr, experiment
1 3686 6.228 3862 852 6.260 3628
2 3645 6.275 2888 859 6.307 2224
3 3604 6.321 2894 866 6.363 2209
4 3564 6.368 2660 873 6.414 1975
5 3525 6.418 3377 880 6.459 1833
6 3493 6.447 1820 886 6.499 1199
7 3448 6.513 2476 894 6.555 1357
8 3410 6.561 2166 901 6.607 1136
9 3373 6.613 2092 908 6.659 1216
10 3337 6.666 2283 915 6.711 1331
11 3301 6.713 1264 922 6.763 761
Table 1: Simulated and measured parameters of the readout resonators coupled to the
11 transmon qubits.
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smaller than the speed of light in vacuum. The characteristic impedance of the uncoupled resonator
segments obtained from conformal mapping is Zr = 50.3 Ω. Small extra capacitance due to the
qubit-resonator coupling leads to the increase of the effective length l(e)o of the open-ended section
of the resonator:
l(e)o = lo + clZr (Cc + Cqr)
The qubit-resonator coupling constant is given by
g =
1
2
√
fqfr
Cqr√
CqCr
,
where the effective capacitance of the fundamental mode of the resonator is
Cr =
ls + lc + l
(e)
o
2Zrcl
.
We have used full-wave RF simulation with Ansys HFSS to obtain the resonator frequencies
and external quality factors, as this yields significantly more accurate results than the electric circuit
model.
For small coupling capacitances, the value of the anharmonicity can be approximated by
δ = − e
2
2 (Ct + Cqr + Cqq1 + Cqq2)
,
The alternating qubit-qubit couplings are determined by the dimensionless coupling coefficients
ti =
Cqqi
2 (Ct + Cqr + Cqq1 + Cqq2)
.
IV Frequency control calibration
To extract the critical currents of the Josephson junctions, the mutual inductances between the flux
lines, the respective transmons and the nearest-neighbor transmons as well as the flux biases of
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the SQUIDs (probably caused by stray magnetic fields frozen into the chip during the cooldown
process) we perform two-tone spectroscopy on each of the resonators while scanning the flux
on the corresponding line. The measurement is performed first at high excitation and readout
power to approximately find the range of frequencies where the transmon frequency lies. After this
preliminary measurement, we repeat the measurements with lower readout and excitation power
with an adaptive frequency range. Additionally, we investigate the crosstalk between transmons
and flux lines of the nearest neighbors’ transmons by measuring corresponding two-tone spectra.
The results of these measurements are presented in Fig. 3.
For each external flux configuration, the maximum two-tone response frequency is taken as
the transmon mode frequency corresponding to this configuration. Outlier frequencies are dropped,
after which the transmon frequency dependence on field configuration is fitted by a coupled linear
oscillator model. Eigenfrequencies of all transmons and resonators are determined as eigenval-
ues of a 22 × 22 matrix which has the bare transmon and resonator frequencies as the diagonal
elements and coupling strengths as off-diagonal elements. The values of bare resonator frequen-
cies are found from the transmission minimum for the set of preliminary measurements. For the
dependence of bare transmon frequency on SQUID flux we use the formula
fq(Φq) =
√
8EC
√
(EqJ1 + EqJ2)2 cos2 ϕq + (EqJ1 − EqJ2)2 sin2 ϕq − EC , (S7)
where EqJ1 and EqJ2 are the Josephson energies of the DC SQUIDs’ junctions, EC is the transmon
charging energy, ϕq = 2piΦq/Φ0 is the dimensionless magnetic flux through the q-th SQUID. We
account for the nearest-neighbour flux line crosstalk by assuming linear dependence of the SQUID
fluxes on DC voltage applied to the flux lines in series with a resistor with a tridiagonal inductance
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matrix Lql:
Φq =
∑
l
LqlVl + Φ
(0)
q , (S8)
where Φ(0)q are the frozen-in fluxes in the SQUIDs due to the residual stray magnetic fields.
The coupling coefficients between transmons and resonators are given by
gq(Φq) = g
√
fq(Φq). (S9)
Finally, transmon-transmon couplings are approximated by the relation
Jq,(q+1) =
√
fqf(q+1) ×

t1, if q is odd,
t2, if q is even.
(S10)
The matrix constructed in this way has the form
fR1 0 . . . 0 g1 0 . . . 0
0 fR2 . . . 0 0 g2 . . . 0
...
... . . .
...
...
... . . .
...
0 0 . . . fR11 0 0 . . . g11
g1 0 . . . 0 f1 J1,2 . . . 0
0 g2 . . . 0 J1,2 f2 . . . 0
...
... . . .
...
...
... . . .
...
0 0 . . . g11 0 0 . . . f11

(S11)
The effective frequency of a specific transmon is chosen as the frequency of the mode with the
largest participation in this transmon.
11
qubit 1 qubit 2 qubit 3 qubit 4 qubit 5 qubit 6
qubit 7 qubit 8 qubit 9 qubit 10 qubit 11
le
ft 
co
il
ow
n 
co
il
rig
ht
 c
oi
l
le
ft 
co
il
ow
n 
co
il
rig
ht
 c
oi
l
Fr
eq
ue
nc
y 
(G
Hz
)
Coil Voltage (V)
Figure 3: Two-tone spectra used for calibration and fitting of the residuals. Each column contains the result of
two-tone spectroscopy recorded from a different resonator. Scans of the coil voltage of the transmon’s own coil and
its left and right neighbor’s coils are provided in the different rows. Two-tone response is shown in color in arbitrary
units. Fitted frequency values from the model are shown in black dots. Residuals are shown in panels under the
corresponding spectra.
Fitting is performed with a least-squares cost function. The optimal fit parameters are shown
in Table IV . The root mean square error of the fit is 11 MHz. However, if outlier points with
12
over 80 MHz discrepancy between numerical model and experiment are removed from the error
calculation, the mean square error becomes 4 MHz.
To set the bare frequencies of all transmons to the desired values, we find the corresponding
SQUID flux values using Eq. (S7) and then solve the linear system of equations (S8).
The finite resolution of the flux control DAC is equal to ∆V = 2 mV, which corresponds to
an inherent average error of ∆f = 0.2 MHz.
V Evolution of the doublon edge state with the array length
As we point out in the manuscript main text, in this work we observe the signatures of interaction-
induced doublon edge states rather than the doublon edge state itself. The intrinsic reason for
that is the insufficient length of the array. In this section, we examine the requirements for the
observation of the doublon edge state on the strong link edge of the array.
Diagonalizing the Bose-Hubbard Hamiltonian, we find out that for the lengths of the array
N < 15 the mode corresponding to the edge state appears in the bulk doublon band and hence its
localization is elusive [Fig. 4(a)]. However, once N > 15, the edge state appears to be outside of
the bulk doublon band, while the respective two-photon probability distribution clearly shows the
signatures of exponential localization [Fig. 4(b-f)].
13
q fr, GHz Lq,q−1, V/Φ0 Lq,q, V/Φ0 Lq,q+1, V/Φ0 Φ
(0)
q ,Φ0 EqJ1, GHz EqJ2, GHz
1 6.260 -0.1121 -0.0005 0.1672 11.816 1.944
2 6.307 0.0008 -0.1128 -0.0001 0.1127 11.168 1.673
3 6.362 0.0006 -0.1119 -0.0006 0.1305 11.815 1.911
4 6.414 0.0004 -0.1120 -0.0003 0.0936 11.263 1.769
5 6.459 0.0006 -0.1129 -0.0017 0.1193 10.981 1.811
6 6.498 0.0003 -0.1103 -0.0003 0.1103 10.909 1.608
7 6.555 0.0003 -0.1053 -0.0022 0.1237 11.666 1.989
8 6.606 0.0007 -0.1057 -0.0005 0.1235 10.903 2.189
9 6.658 0.0003 -0.1097 -0.0017 0.1060 11.563 2.001
10 6.711 0.0001 -0.1047 -0.0005 0.0640 11.045 1.941
11 6.763 0.0005 -0.1074 0.0756 11.265 1.946
Table 2: Optimal fit parameters for the calibration model.
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Figure 4: Frequency and localization of the doublon edge state as a function of the array length. (a) Frequency
of the doublon edge state (blue dots) and the frequencies of bulk doublons (red shaded area) as a function of the
array length. (b-e) Two-photon probability distributions for the doublon edge state calculated for the arrays with
N = 7, 11, 15, 21 and 31 qubits.
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